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We have carried out a comprehensive investigation of magnetic properties of LuFe2 04, using 
AC susceptibility, DC magnetization and specific heat. A magnetic phase transition around ~236 
K was observed with DC magnetization and specific heat measurements, which is identified as a 
paramagnetic to ferrimagnetic transition based on the nonlinear susceptibility data. Upon further 
cooling below this temperature, we also observed highly relaxational magnetic behavior: the DC 
magnetization exhibits history and time dependence, and the real and imaginary part of the AC 
susceptibility shows large frequency dependence. Dynamic scaling of the AC susceptibility data 
suggests that this low temperature phase can be described as a reentrant spin glass phase. We also 
discuss magnetic field dependence of the spin glass transition and aging, memory and rejuvenation 
effect below the glass transition temperature around 228 K. 

PACS numbers: 75.50.Lk,75.50.Gg,75.40.Cx, 75.40.Gb 



I. INTRODUCTION 

Geometrical frustration plays an important role in de- 
termining ground states and phase transitions in mag- 
netic systems. A triangular lattice in two-dimension in 
particular is one of the simplest systems to study the 
effect of geometrical frustration. LuFe204 is a mem- 
ber of RFe2 04 family of compounds, where R can be 
Y, Ho, Er, Tm, Yb, and Lui These materials all have 
hexagonal layered structure, in which Fe ions form a tri- 
angular lattice within each bilayerfS Since the average 
charge valence of Fe in this compound is +2.5, this sys- 
tem is expected to exhibit charge order behavior simi- 
lar to Fe^O^i^^ or half doped manganites.^ However, due 
to the geometrical frustration introduced by the trian- 
gular lattice, understanding charge order in this mate- 
rial is not straightforward.-S' Previous electron and x-ray 
diffraction studies have shown that charge ordering sets 
in below ~ 300K, and anomalous dielectric dispersion 
was observed in this temperature rangei^ In particular, 
Ikeda and coworkers argued that the observed pyroelec- 
tric signal below charge ordering temperature indicates 
charge order driven ferroelectricity.— This result has been 
drawing much attention, ^'^ since this would be the first 
such observation of ferroelectricity with electronic origin. 
In addition, it was observed that the pyroelectric signal 
shows an unusual step around the spin ordering temper- 
ature, and a large magnetodielectric response under low 
magnetic fields was also observed in LuFe204 at room 
temperature)^ which prompted further interests in this 
compound as a possible multiferroic (or magnetic ferro- 
electric) material. 

Although whether the magnetic and ferroelectric or- 
der parameters are coupled in LuFe2 04 is not clear at 
the moment, LuFe204 exhibits quite interesting magnetic 
properties, as a result of the geometrical frustration aris- 



ing from the triangular lattice. Most of earlier studies of 
the magnetism in RFe2 04 have been focused on YFe2 04. 
Tanaka et al. first reported that Fe spins order below 
220 K based on their Mossbauer experiments.^^ In their 
studies of transport properties, they also observed that 
there are two distinct transitions at 240 K and 225 K, 
and the former corresponds to Verwey-like charge order- 
ing accompanied by magnetic ordering. This was cor- 
roborated in the x-ray study of Nakagawa and cowork- 
ers, in which first order structural phase transitions were 
observed around these temperatures Recently, Ikeda 
et al. reported that more than two transitions exist in 
YFe204 based on their x-ray powder diffraction studies.^-^t 
They also argued that the transition at 250 K corre- 
sponds to charge and spin ordering. 

However, it was also realized that the oxygen non- 
stoichiometry in YFe204 can cause significant changes 
in its magnetic properties, while LuFe2 04 is believed to 
be free from such oxygen non-stoichiometry problemsj^^ 
In their comprehensive magnetization and neutron scat- 
tering work on LuFe2 04, lida and coworkers were 
able to elucidate unusual magnetic properties of this 
compoundJ^ Specifically, they found that the system 
does not show any long range three-dimensional magnetic 
order down to 4.2 K. Instead, they argued that the sys- 
tem at low temperatures consists of ferrimagnetic clusters 
of various sizes, based on their thermoremanent magne- 
tization measurements. The ferrimagnetism in this case 
arises due to the mixture of S=2 and S=5/2 spins. In 
recent neutron scattering experiments, however, sharp 
magnetic Bragg peaks were observed, suggesting exis- 
tence of long-range magnetic order.— Therefore, the 
nature of the ground state of LFO is still not understood 
well. 

In this paper, we report our comprehensive study of 
magnetic properties of LuFe204 using AC susceptibility. 



2 



DC magnetization and specific heat. We have observed 
two magnetic transitions: The high temperature transi- 
tion occurs at ~236K, and corresponds to the previously 
observed ferrimagnetic transitionii^iii The signature of 
this transition is also observed in our specific heat mea- 
surements. In addition to this ferrimagnetic transition, 
we observe an unusual magnetic transition at a lower 
temperature, which shows relaxational behavior similar 
to that of a spin-glass phase. 

This paper is organized as follows. In the next section, 
we will explain our sample preparation and characteriza- 
tion in detail. In Sec. Ill , our experimental results from 
magnetic susceptibility and specific heat measurements 
are presented. In Sec. IV, we will discuss the implication 
of the observed results, and possible connection with the 
charge order and ferroelectricity. 
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II. EXPERIMENTAL DETAILS 



LuFe204 (LFO) single crystals were grown using the 
travelling solvent floating zone method at Brookhaven 
National Laboratory following the method reported in 
Ref [19I . Our experiments were done using the crys- 
tals from the same batch without any special anneal- 
ing procedure. The chemical composition of one of the 
crystals was examined with electron probe microanalysis 
(EPMA)with beam size less than 1 micron. The Lu/Fe 
ratio was analyzed at 25 randomly selected points on the 
sample surface. The average Lu/Fe ratio was 1.98±0.02, 
and the mean deviation from the average value was less 
than 1%. This result shows that the Lu and Fe is homo- 
geneously distributed with almost stoichiometric ratio. 
The oxygen contents of two other pieces were studied 
using X-ray photoemission spectroscopy (XPS), reveal- 
ing that the oxygen content in one sample was higher 
than the other sample, suggesting that there is a small 
but finite oxygen non-stoichiometry issue in LuFe2 04. It 
turns out that the magnetic and structural properties of 
LuFe2 04_A- depends very sensitively on the oxygen sto- 
ichiometry. Detailed study of phase diagram is still in 
progress, but we made sure that all the samples studied 
in this work show the same magnetic properties. This 
ensures that the variation of d among the samples stud- 
ied here is very small. The largest piece with a shape of a 
rectangular parallelepiped (3x3x1 mm) was used in our 
magnetization studies. DC magnetization and AC sus- 
ceptibility measurements were done using Quantum De- 
sign MPMS SQUID magnetometer. Specific heat mea- 
surements on the same sample were carried out using 
thermal relaxation method on Quantum Design PPMS. 



FIG. 1: Temperature dependence of magnetization measured 
witli 10 Oe field applied (a) parallel and (b) perpendicular to 
the c a:xis, respectively. 



III. EXPERIMENTAL RESULTS 

A. DC magnetization 

In Fig. [TJa), we show the temperature dependence of 
the thermo-magnetization of LuFe2 04 obtained with 10 
Oe field applied parallel to the crystallographic c axis 
which is perpendicular to the hexagonal planes. A sharp 
peak appears in the magnetization curve at a tempera- 
ture of ^ 236K, below which the field-cooled (FC) data 
begin to diverge from the zero-field-cooled (ZFC) data. 
In Fig. [T] (b), thermo-magnetization obtained in a field 
perpendicular to the c axis is shown. Note that the 
magnetization in this direction is 2 orders of magnitude 
smaller than that shown in panel (a). This small mag- 
netization can be entirely accounted for by the possible 
sample misalignment with respect to the field direction. 
This also illustrates that the easy axis is along the c-axis, 
and the Ising anisotropy is very large. The non-zero ZFC 
magnetization at low temperature in this case is probably 
due to the small residual field in the magnetometer. 



B. Specific Heat 

Figure [2] shows the temperature dependence of the spe- 
cific heat, C{T), of the same sample used in the mag- 
netization study. One can identify two features in this 
curve. The high temperature feature above 300K is rela- 
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FIG. 2: Temperature dependence of C (T) of sample A mea- 
sured on continuous cooling. 



tively broad and has maximum at 330K. This feature 
is probably related to the 3D charge order observed in 
previous electron and x-ray diffraction studiesiS The low 
temperature peak emerges below ~250K and has a cusp 
at ~237K. The peak position of this low temperature fea- 
ture is very close to the peak in magnetic susceptibility, 
suggesting that this feature is related to the magnetic 
phase transition. 
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FIG. 3: Temperature dependence of the AC magnetic suscep- 
tibility of sample A obtained with different frequencies as la- 
beled. AC field with amplitude hac~l Oe was applied and the 
magnetization was measured. The real and imaginary part of 
the susceptibility are shown in part (a) and (b), respectively. 



C. AC susceptibility 

Figure [3] shows the real and imaginary part of the AC 
susceptibility as a function of temperature. The differ- 
ent curves correspond to different driving frequencies of 
the AC field. The amplitude of AC field was kept con- 
stant at hac=i Oe. A well-defined peak is observed for 
the real part of the susceptibility x' ^-t 236 K and the 
low-temperature tail of this peak decreases with increas- 
ing frequency. The imaginary part of the susceptibility, 
x" , appears below ~ 240 K, and consists of two peaks. 
The high temperature component, appearing as a shoul- 
der, is located at ^ 237 K and grows as frequency in- 
creases, while the peak position remains the same. On 
the other hand, the low temperature peak grows and 
shifts to higher temperature with increasing frequency. 
Such a behavior is commonly observed in spin glass sys- 
tems. 

For a spin glass system, with decreasing temperature 
the spin dynamics become sluggish, so that it takes longer 
time for a spin to relax, and the maximum relaxation 
time increases accordingly. When an external AC mag- 
netic field with a driving frequency uj/2tt is applied to a 
spin glass system, if the maximum relaxation time Tmax 
is longer than u}/2Tr, the system will not be able to keep 
up with the oscillating field and become out of equilib- 
rium. Therefore, one can define the freezing tempera- 
ture, Tf, as the temperature, at which T„iax = 27r/w. As 
a result, Tf is a function of driving frequency lo. Experi- 
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FIG. 4: The dynamic scaling of the reduced temperature vs 
T,„ax{Tf) = 2tt/u) in a log-log scale for sample A. The solid 
line is Eq. [T]with zu = 6.6, ro = 1 x 10~^^ s and Tg = 228.5 
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mentally Tf{ijj) can be determined either from the max- 
imum of x'(cl') or from the inflection point of x"(ct')j ^°i^^ 
Since the maximum of x' is difficult to identify due to 
the second peak located at 236K, we use the infiection 
point of x"(a;) to determine Tf. The maximum relax- 
ation time and Tfito) can be modeled with conventional 
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FIG. 5: M vs H curves of LFO at different fixed temperatures 
measured after cooling under a 200 Oe magnetic field. The 
solid lines are the fitting results using Eq. [2] 

critical slowing down^E 

W = ro(T//T3 - (1) 

where Tg is the spin-glass transition temperature, z is 
the dynamical exponent, v is the usual critical exponent 
for the correlation length and tq is the microscopic flip- 
ping time of the fluctuating spins. The scaling of the 
AC susceptibility is shown in Fig. 21 and the best fit 
to Eq. H]) yields Tg = 228.5 ± 0.5 K, zv = 6.6 ± 1.1 
and To = 2.0~^'^"^^'^ s. The value of tq is very close to 
the microscopic spin flip time ^ 10"^'^ seconds in other 
spin glass systems<^i2^ The value of zv is within the 
range of well-known spin-glasses such as CuMn(4.6 at.%) 
{zv=hl>p- and CdCr2(In)S4 {zv = 7).^^ xhis value of zv 
is also close to the value obtained from numerical simula- 
tions in three-dimensional (3D) Ising spin glasses 
This scaling analysis indicates that the low temperature 
phase is quite possibly a spin-glass phase. Thus, taken to- 
gether with the heat capacity and the susceptibility data, 
LFO seems to undergo a continuous phase transition from 
a Curie paramagnetic phase to ferrimagnetically ordered 
phase at ~ 236K and then to a reentrant spin-glass phase 
below 228K. 



D. Nonlinear susceptibility 

Figure [5] shows the magnetization (M) versus field (H) 
curves at different temperatures after cooling under a 200 
Oe magnetic field. At low temperatures, since the zero- 
field magnetization is non-zero, there is thermal rema- 
nent magnetization (TRM) , which almost vanishes above 
^232K. At high temperatures, there is no TRM and the 
slope of the M vs H curve is largely determined by lin- 
ear susceptibility, which shows maximum at 236 K (see 
Fig. [T]). At low temperatures, the magnetization initially 
shows negative slope due to the relaxational behavior of 
spin-glass phase. 



Nonlinear susceptibility is a valuable tool to study the 
critical behavior of a magnetic phase transition. In par- 
ticular, the spin-glass susceptibility is believed to be di- 
rectly proportional to the non-linear susceptibilityi^'^i^ 
If a system undergoes a SG phase transition, the magne- 
tization M can be expanded by odd order of H. 

M ^ Mo + aiH + a3H^ + .... (2) 

The data in Fig. [5] (above 50 Oe) were fitted using 
Eq. and the fitting results are shown as solid lines. 
The constant offset Mq, linear susceptibility ai and the 
third order nonlinear susceptibility obtained from the 
fits are shown in Fig. [SI Mq starts to grow below '^235K 
and then increases rapidly below ~230K. The tempera- 
ture at which Mq increases rapidly is close to Tg , suggest- 
ing that Mq behaves like the spin-glass order parameter. 
When the temperature dependence of Mq below 230K is 
fitted using Mq ~ {Tg ~ T)^ , best fits are obtained with 
Tg = 229 K and /3 = 1.0 ± 0.2, as shown by the solid fine 
in Fig. Ela) . This critical exponent /3 is consistent with 
that of canonical spin-glass systemsi^i^ The linear sus- 
ceptibility peak in ai at '^236K (Fig. [S]Jb)) was also ob- 
served in DC magnetization and heat capacity, and this 
indicates the existence of a magnetic phase transition at 
Tc « 236K. If we fit the linear susceptibility for T > Tc to 
ai ~ (T-Tc)"'', 7 = 1.4±0.3 is obtained, and the fitting 
result is plotted as the sohd fine in Fig.[6ljb). As tempera- 
ture is lowered, the third order nonlinear susceptibility 03 
shows a negative minimum at 236K, and then it abruptly 
changes sign at 234K and then show a broad positive 
peak at ~230K. This behavior is reminiscent of the re- 
cent observation that 03 near a ferromagnetic transition 
diverges negatively and positively as Tc is approached 
from above and below, respectively."^^ Therefore our ob- 
servation of the zero-crossing of 03 around 234K seems 
to suggest that this high temperature magnetic transi- 
tion is described as ferrimagnetic (FM) transition. This 
assignment is also consistent with earlier studies. IS The 
behavior of 03 around 230K, however, is quite unusual 
for a spin-glass system. It was observed that the non- 
linear susceptibility (03) is negative with a cusp at the 
paramagnet to spin glass transition in Ref. 25 and 30. 
We observe broad positive peak around Tg, which may 
be due to the reentrant nature of the spin-glass phase 
in LFO. In fact, similarly unusual behavior have been 
observed in other reentrant spin-glass systems. '^^''^^ Our 
nonlinear susceptibility data also supports the phase di- 
agram suggested by AC susceptibility data. 

E. Non-equilibrium phenomena 

Although spins are considered "frozen" in the spin 
glass phase, due to the slow dynamics, the system simply 
does not reach the equilibrium state within the experi- 
mental time scale. As a result, the spin glass system 
exhibits non-equilibrium phenomena. One such example 
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FIG. 6: (a) Constant offset Mq. The solid line is the fitting 
using {Tg — T)^. (b) Linear susceptibility ai. The data above 
Tc = 235.6K is fitted by (T - T^)"^, as shown by the solid 
line, (c) The third order of nonlinear susceptibility as. Mo, 
ai and as were obtained by fitting the data in Fig. [5] into 
Eq.m 
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FIG. 7: Relaxation rate S defined in the text is plotted as a 
function of \og{t) at T = O.STTg {Tg = 228.5 K). Each curve 
is obtained by measuring at = 10 Oe after waiting for tw 
following the cool down. 



is aging. When a spin-glass system is cooled below Tg, 
the spin-glass domain grows. Since this domain growth 
occurs logarithmically in time, it is customary to define 
the relaxation rate S = {1/ H)dM / d\og{t)-^^ In Fig. [3 
we show our data for S{t) as a function of log(t). Note 
that the sample was cooled down to 0.87Tg ~ 200 K in 
the absence of magnetic field. After waiting for a cer- 
tain time (<u;=1000s, 5000s and 10000s) without exter- 
nal field, the magnetization was recorded as a function 
of time after a 10 Oe magnetic field was applied. As can 
been seen from the figure, t at which the maximum re- 
laxation rate occurs increases with increasing t^, and in 
fact it is almost equal to tyj . This kind of aging behavior 
illustrates non-equilibrium dynamics of domain growth, 
and has been observed in other spin glass systemsi^i^ 

Another interesting example of non-equilibrium dy- 
namics of spin-glass system is the so-called memory ef- 
fect. In order to show this effect, we have measured tem- 
perature dependence of Af(T) in two distinct routes. The 
first, Mref, was obtained by cooling in 10 Oe magnetic 
field from 300 K down to 50 K at a constant cooling rate 
of 2 K/min and then heating back continuously at the 
same rate. In the second route, M was recorded on cool- 
ing in 10 Oe at the same rate from 300 K to 50 K with 
two halts at Ti = 160 K for 72000 s and at T2 = 200 K 
for 48000 s. During the halts, the external field is turned 
off to let the magnetization relax. After each halt, M 
shows a clear deviation from the reference as illustrated 
in Fig. [51 due to aging. After reaching 50 K, the sample 
temperature is increased continuously at 2 K/min rate in 
H ~ 10 Oe. During the reheating, the system exhibits a 
step-like feature at both Ti and T2. The jump at Ti is 
not very pronounced, but clear jump in M{T) around T2 
is clearly visible. This suggests that the system somehow 
remembers the history of halts during cooling. Exceeding 
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FIG. 8: The relative magnetization M — Mref is plotted as 
a function of temperature. The magnetization measured on 
continuous cooling m H = 10 Oe field, is plotted as solid sym- 
bols. During the cooling, there were two halts at Ti = Q.lTg 
and T2 = Q.mTg {Tg = 228 K). The open symbols denote the 
measurements done on the reheating. The reference Alref was 
obtained by continuous cooling and reheating in 10 Oe. The 
cooling and heating rate in both measurements were 2 K/min. 



the halt points, M recovers to the reference value and the 
system is called rejuvenated. Such aging, memory and 
rejuvenation behavior was observed in other spin glass 
systems as welL ^^'^^i'*" These observations also suggest 
that the low temperature phase of LFO is consistently 
described as a spin-glass. 
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FIG. 9: (a) The real and (b) the imaginary part of AC 
magnetic susceptibility versus temperature. The driving fre- 
quency was fixed at lj/2 pi = 10 Hz and hac=l Oe. Each 
curve was obtained under different apphed static magnetic 
field of H. The inset shows the data obtained with _ff = 1 T. 



F. Magnetic field dependence 

In Fig. [HI AC susceptibility at 10 Hz driving frequency 
is plotted as a function of temperature for different ex- 
ternal static magnetic fields H. As can be seen in the fig- 
ure, x' is suppressed by the magnetic field. As the field 
increases, the main peak of x' decreases and a double- 
peak feature emerges. The ferrimagnetic phase transition 
temperature determined from specific heat and nonlinear 
susceptibility (~236 K) is quite close to the position of 
the high temperature peak in x', which slightly increases 
with increasing field. The low temperature peaks in x' 
and x" correspond to the spin-glass transition. As the 
field increases, the low temperature peak in x' decreases 
and finally disappears under 1 T (as shown in the in- 
set). The peak in x" also shifts to lower temperature with 
increasing field. Under very high external field (above 1 
T), the spin-glass transition seems to be completely sup- 
pressed. 

Figure [TO] shows the field versus temperature phase di- 
agram. Due to the large uncertainties associated with 
determining transition temperature of two nearby phase 
transitions, the error bars at low field is relatively large. 
However, the field dependence of the PM-FM transition 
is very weak in this region, while it is clear that the transi- 
tion temperature gradually increases with increasing field 
at high field. The spin-glass transition temperature also 
exhibits substantial field dependence. The SG-FM tran- 
sition temperature is suppressed rapidly as a small field 



is applied. In addition, a threshold field ho^uj) ~ 200 
Oe is observed, below which Tg does not show a system- 
atic change with the change of the field. According to 
the mean field theory, there exists a phase boundary in 
H — T phase diagram called de Almeida-Thouless (AT) 
linC)^ whereby a spin-glass phase can only exist under 
this boundary (in the low field region). The AT line is 
given by^ 



iJ oc (1 



3/2 



(3) 



Here H is the external magnetic field and Tg{H) is 
the field-dependent glass transition temperature.*^ Our 
data fits this relation very well as shown in Fig. llOi in 
which a linear relationship between Tg and H^^^ is clearly 
illustrated. 



IV. DISCUSSION 

We have presented a variety of experimental evidences 
showing that the LFO sample goes through re-entrant 
spin glass transition around 228 K. However, this obser- 
vation is quite puzzling in several aspects. The first is 
the microscopic origin of the spin-glass behavior. Con- 
ventionally, disordered spin arrangements or interactions 
(random site or random bond) are necessary to pro- 
duce magnetic frustration required for spin-glass behav- 
ior. However, this system, LFO, is considered highly sto- 
ichiometric, and in addition, there exists charge ordering 
below 300 K, which implies that the arrangement of Fe^"*" 
and Fe'^+ spins are regular. Therefore, this system seems 
to possess only geometrical frustration as a necessary in- 
gredient for spin glass behavior. Unless spin-glass behav- 
ior can arise from pure geometrical frustration, one must 
find the missing "disorder" in this system to explain the 
observed spin-glass behavior. 

Before discussing the disorder effect in this system, it 
is useful to examine magnetic interactions present. In 
LFO, both the Fe^+ and Fe'^+ ions are in their high spin 
configuration, with the spin angular momentum S=2 and 
S=5/2, respectively. The exchange interactions between 
the Fe^^-Fe^"*" and Fe'^"'"-Fe'^+ are presumably antiferro- 
magnetic through the superexchange path via the oxy- 
gen ions. However, the magnetic interaction between the 
Fe^"*" and Fe'^+ ions requires further consideration. Note 
that the Ye'^+ is in cP configuration, and the Hund's rule 
dictates that the extra electron in this ion, compared 
to the Fe-^^ (d^) ion should point in the opposite direc- 
tion of the rest of the "d^" electrons. Therefore, one can 
expect the interaction between the Fe^+ and Fe'^+ to be 
ferromagnetic based on a kinetic energy argument, analo- 
gous to the double exchange mechanism in manganites.— 
However, since this compound is insulating at all tem- 
peratures, such "extra" electron cannot be mobile, but 
presumably resides in a resonance state between the two 
neighboring Fe ions. 
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FIG. 10: Field vs. Temperature phase diagram. In order 
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tion temperatures as described in the text. The thick solid 
line is the linear fit to the AT line (Eq. [3]) 



as charge glass type ordering, then this will naturally af- 
fect the spin ordering part. For example, one can imagine 
charge-ordered domains exhibiting relaxor type behavior 
and influence dielectric and magnetic behavior at lower 
temperatures. Our preliminary x-ray scattering experi- 
ments also suggest that the charge ordering in this sys- 
tem is quite complicated and has nontrivial temperature 
dependence. 

Another surprising aspect of the spin-glass transition 
is its large temperature scale. Almost all known spin- 
glass systems occur at low temperatures. This is due to 
the fact that the lower critical dimension of the spin glass 
transition is believed to be between 2 and 3. Since a 3D 
SG system is very close to the lower critical dimension, 
its ordering temperature is very close to absolute zero. 
In that sense this observation of spin glass behavior at 
temperatures above 200 K is not only unusual, but very 
surprising for a quasi 2D system. Again, if the glassy 
nature of the system arises from the charge sector, this 
may provide a natural explanation. 



One of the important degrees of freedom in this system, 
often overlooked, is the orbital degrees of freedom. Since 
the Fe ions all have trigonal bipyramidal crystal field en- 
vironment, the 3d orbitals will split into three levels. The 
highest energy level will be , and there will be two dou- 
bly degenerate orbitals {d^y and dx2-y2; dxz and dyz) at 
lower energies. Following the Hunds rule, one can easily 
see that Fe'^^ ion has d^ configuration and is isotropic. 
However, Fe^+ ion has d^ configuration and the lowest 
energy orbitals will have orbital degeneracy. In order to 
break this orbital degeneracy, there could be a coopera- 
tive Jahn- Teller distortion of Fe^+ ions, once the charge 
order sets in. Taken together, it is conceivable that two 
neighboring Fe^+ and Fe^+ ions form a "dimer" , sharing 
a minority spin electron. In fact, such bond dimeriza- 
tion scenario has been considered in their study of mixed 
valence B-site Fe ions in Fe304 by Seo and coworkers.— 
Such bond dimerization will break the orbital degener- 
acy, and make the dimer spins form a highly frustrated 
Kagome lattice, which may be responsible for the ob- 
served spin glass behavior. Further structural investiga- 
tion of this system is required to address this conjecture. 

Another important issue is the oxygen non- 
stoichiometry. If there exists oxygen non-stoichiometry, 
this will necessarily affect the ratio of Fe^+ and Fe'^+ 
spins, leading to disorder in charge order, and possibly 
disorder in the exchange interactions. In fact, our 
preliminary studies suggest that the oxygen contents 
seem to change magnetic properties quite dramatically, 
possibly explaining different magnetic behavior of 
LuFe204 compounds reported in the literature. 

Another possibility is the charge-ordering model it- 
self. If the charge ordering at 300 K is not of second- 
order kind, and has some relaxational component, such 



V. SUMMARY 

The magnetic properties of LuFe204 single crystals 
were investigated with DC magnetization and AC sus- 
ceptibility. Based on the dynamic scaling of AC sus- 
ceptibility and the behavior of non-linear susceptibility, 
it is suggested that LuFe204 goes through first a ferri- 
magnetic ordering at 236 K, and then subsequently goes 
through a reentrant spin-glass transition at ^ 228.5 K. 
Typical properties of spin glass system, such as aging, 
memory, and rejuvenation have been also observed in 
this low temperature phase. The field dependence of 
the spin glass transition temperature is described well 
by the well-known de Almeida-Thouless theory. It was 
also observed that the ferrimagnetic transition temper- 
ature shows quite sizable field dependence. In order to 
understand the origin of the spin glass behavior in this 
compound, possibilities based on the frustration, oxygen 
non-stoichiometry, and glassy charge ordering have been 
discussed. 
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